Abstract High-intensity interval training (HIIT) has recently received much attention as a new option for aerobic training. Despite its smaller time requirement, HIIT has been reported to have a greater effect than continuous moderate-intensity training on fat loss, especially a decrease in truncal adiposity. We therefore examined whether long-term HIIT preferentially modulates truncal adiposity rather than peripheral adiposity, especially thigh adiposity, where local muscle energy consumption increased profoundly during HIIT. We also examined the association between changes in adipose tissue distribution and serum adiponectin level. Twelve healthy male participants (28-48 years old) were assigned to a group that performed HIIT using only a leg ergometer (L-HIIT, n = 7) or to a group that performed HIIT using both leg and arm ergometers (LA-HIIT, n = 5) twice weekly for 16 weeks. The training programs consisted of 8 to 12 sets of >90% V ・ O 2 peak for 1 min, with 1 min of very light active recovery. Body composition analyses as well as aerobic fitness and measurements of serum adiponectin were performed at baseline and after intervention. A linear improvement in aerobic fitness was observed along with a decrease in leg fat (5.4 ± 1.7 vs. 5.1 ± 1.7 kg, p < 0.05) near the main working muscles during HIIT in the combined (L+LA-HIIT) group. Moreover, there was an association of decrease in leg fat or thigh adiposity with improvement in aerobic fitness in the combined group (ρ = -0.59, p < 0.05; and ρ = -0.71, p < 0.05, respectively). Visceral adiposity was decreased in L-HIIT (115 ± 45 vs. 100 ± 47 cm 2 , p < 0.05), however no decrease was observed in total fat or truncal fat in either group. No change was observed in serum adiponectin concentration in either group. Changes in serum adiponectin were associated with changes in visceral adiposity in the combined group (ρ = -0.72, p < 0.01). Regional rather than whole-body fat loss was observed after a 16-week HIIT program.
Introduction
Loss of fat mass is known to occur with a relative increase in energy expenditure against energy intake. Therefore, exercise volume, which is the product of exercise intensity, duration, and frequency, is mainly responsible for exercise-induced fat loss. High-intensity interval training (HIIT) has recently received much attention as a new option for aerobic training, not only among athletes, but also people with obesity and those with time-constraints because it can be performed in a safe and time-efficient manner 1) . HIIT is unique in its focus on exercise intensity rather than training volume as the main contributor to its effects. It has been suggested that, even with a significantly smaller exercise volume, high-intensity exercise has a more favorable effect on fat loss than does continuous moderate-intensity exercise 2, 3) . Few studies, however, have examined the effect of long-term HIIT on body composition [4] [5] [6] [7] . Trapp et al. showed that HIIT had a significant reduction in fat mass and trunk fat, compared with energy-matched, longer-duration continuous endurance training among young women. They also found a fat loss in legs compared to arms in HIIT only, though only DXA scan was used for the analyses of body fat distribution. The same group has also reported loss in visceral fat as well as total and trunk fat among overweight young men by HIIT, though thigh adiposity was not examined in detail. A greater understanding of the effects of long-term *Correspondence: azumakx@keio.jp HIIT on body composition, especially body fat distribution, can facilitate planning effective structured exercise programs for individuals with time constraints who desire to lose body fat.
Adiponectin, an adipocytokine, favorably influences the development of atherosclerosis and energy homeostasis 8) , and has received much attention in relation to the metabolic effects of exercise, partly due to the effects of adiponectin on the modulation of skeletal muscle energy metabolism in animal models [9] [10] [11] . In fact, studies have revealed that long-term exercise that improves fitness levels, increases insulin sensitivity, and reduces body fat, is also associated with increased resting adiponectin levels [12] [13] [14] . However, it is unclear whether the exercise itself or exercise-induced fat loss is associated with increases in adiponectin 2, 14) . We therefore examined the effects of long-term HIIT on body fat distribution and changes in serum adiponectin levels.
Material and Methods
Twelve healthy male participants, free of any known chronic diseases and weight-stable for at least 3 months before enrollment, were assigned to one of two groups as described previously 15) . Clinical characteristics are shown in Table 1 . Briefly, HIIT was performed using only a leg ergometer in one group (L-HIIT [n = 7]), and using both leg and arm ergometers in the other group (LA-HIIT [n = 5]), twice weekly for 16 weeks. The training programs consisted of 8-12 sets of >90% V ・ O2 peak for 1 min with a 1-min very light active recovery. The number of the repetitions was gradually increased from 8 to 12 sets during the first 4 weeks, and then it was adjusted depending on the participants' physical condition and was a minimum of 8 sets, while the workload was progressively increased. HIIT using leg ergometer in LA-HIIT was performed by half sets (4-6 sets) of HIIT in L-HIIT, and the remaining 4-6 sets of HIIT were performed using an arm ergometer in LA-HIIT. The workload for HIIT using an arm ergometer was set at >90% of peak workload, which was determined from an incremental exercise test using an arm ergometer 15) . This study was approved by the ethics committee of Keio University (2011-098-2), and written informed consent was obtained from all participants.
Measurements. V ・ O2 peak and peak work rate were measured during an incremental exercise test on a leg ergometer, as reported previously 15) , at baseline after 4 and 16 weeks of HIIT. V ・ O2 at ventilatory threshold (VT) and work rate at VT were also used as indices of aerobic fitness. VT is the point at which pulmonary ventilation increases disproportionately with oxygen consumption during an incremental test. The increase in ventilation results from the body's bicarbonate buffering of lactic acid accumulation from anaerobic metabolism and consequent exhalation of CO2. A 2 h, 75 g oral glucose-tolerance test (OGTT) with blood collection at 0, 30, 60, and 120 min., was performed before and after the 16-week intervention. Blood samples were also collected in fasting state after 4 weeks of HIIT, 24-48 h after completing the last training session. Blood samples for plasma collection were immediately placed on ice and subsequently centrifuged (3000 × g, 12 min, 4°C). Samples for serum collection were left at room temperature for 30 min and centrifuged. All samples were stored at -80°C until analyses were performed. Plasma glucose and serum insulin were determined by enzymelinked immunosorbent assay (glucose: Glucoroder MAX, A & T Corp., Yokohama, Japan; insulin: AIA-2000 Automated Immunoassay Analyzer, Tosoh Bioscience Inc., South San Francisco, CA, USA) using an automated analyzer (LABOSPECT 008, Hitachi, Tokyo, Japan). Serum high-molecular-weight (HMW) adiponectin was measured by chemiluminescence enzyme immunoassay (Fujirebio Diagnostics, Tokyo, Japan).
Body composition. Whole-body dual-energy X-ray absorptiometry (DEXA) scan (Lunar Prodigy® Advance, GE Healthcare Japan, Tokyo, Japan) was performed at Keio University Hospital using enCORE software, version 9.2 (GE Healthcare). Standard scan mode was used for whole-body scans to measure total and regional (upper body, trunk, and legs) fat mass (FM) and lean body mass (LBM). Table 1 . HIIT-related improvements in aerobic fitness.
Combined HIIT, L-HIIT plus LA-HIIT groups; HIIT, high-intensity interval training; L-HIIT, legergometry group; LA-HIIT, leg-and arm-ergometry group; BMI, body mass index. Combined HIIT, L-HIIT plus LA-HIIT groups; HIIT, high-intensity interval training; L-HIIT, leg-ergometry group; LA ergometry group; BMI, body mass index.
105 JPFSM : Regional fat loss after16-week HIIT Magnetic resonance imaging of abdominal and thigh adipose tissue (AT) was performed using a 1.5 T (Tesla) imager (Signa™ Excite 1.5 T TwinSpeed HD; GE Healthcare, Waukesha, WI, USA). A set of T2-weighted singleshot fast-spin echo images (repetition time/echo time = ∞/90 ms, field of view = 38 cm, slice thickness = 8 mm with 3-mm interval, matrix size = 288 × 192 pixels) was obtained for the abdomen, centered at the L3-L4 disc space level. Subsequently, a set of T2-weighted fast-spin echo images (repetition time/echo time = 4000/90 ms, field of view = 30 cm, slice thickness = 8 mm with 3-mm interval, matrix size = 320 × 224 pixels), taken at the midpoint of the femur (between the superior border of the patella and the greater trochanter) was used to measure the cross-sectional area of thigh subcutaneous AT (SAT). The obtained Digital Imaging and Communication in Medicine (DICOM) images were analyzed with sliceOmatic software (TomoVision, Magog, Quebec, Canada). the preintervention MRI scans of the thigh from one participant in L-HIIT group were missing; therefore, thigh SAT for six participants in the L-HIIT group were used for analyses.
Statistical analyses. The effects of the intervention were determined using Friedman's two-way ANOVA to test a linear time-trend in each intervention group. In the present study, because we focused on the changes in body composition resulting from HIIT, the combined results of L-HIIT and LA-HIIT groups are presented, especially due to the increase in statistical power for the correlation analyses. However, since HIIT using leg ergometer in LA-HIIT was performed by half sets (4-6 sets) of L-HIIT, the effect of the training on adipose tissue distribution, especially thigh adiposity, as well as aerobic fitness measured using leg ergometer, can be different between the two groups. Therefore, results of each group were also presented. Post-hoc analyses were performed using a Bonferroni test to examine the significant improvements within each group. For the effects of the intervention on body composition and metabolic variables, the Wilcoxon signed-rank test was used in each group. A selective bivariate relationship was investigated using Spearman's rank correlation coefficient. IBM SPSS for Windows, Version 19 (IBM Corp., Armonk, NY, USA) was used for all statistical analyses. The level of significance was set at p < 0.05, and all values are presented as mean ± standard deviation (SD). Table 2 , a significant linear increase in peak work rate was observed in the exercise tolerance tests of both the L-HIIT (p < 0.01) and LA-HIIT (p = 0.02) groups. Percent increases in V ・ O2
Results

Exercise tolerance test. As shown in
peak after 4 weeks and 16 weeks were 10% and 16%, respectively, in the combined (L+LA-HIIT) group (both p < 0.01). Percent increases in V ・ O2 at VT after 4 weeks and 16 weeks of HIIT were 17% and 30%, respectively (both p < 0.01).
Metabolic variables.
There were no significant changes in glucose and insulin levels during the 75-g oral glucosetolerance test in the present participants, who were healthy, non-diabetic men ( Fig. 1) , but glucose and insulin levels tended to be lower after 60 min in the L-HIIT group (both p = 0.06).
There was no change in serum HMW adiponectin con- Table 2 . HIIT-related improvements in aerobic fitness.
1 (Fig. 2) .
Body composition (Table 3 and Fig. 3) . As shown in Table 3 , there was no change in FM (17.7 ± 5.0 vs. 17.1 ± 5.6 kg) or body weight after the 16-week intervention in either group or the combined group. However, leg FM slightly, but significantly, decreased in the combined group (5.4 ± 1.7 vs. 5.1 ± 1.7 kg, p = 0.02) with a slight, but significant, increase in LBM (53.6 ± 4.8 vs. 54.7 ± 4.6 kg, p = 0.03). In the L-HIIT group, thigh SAT also tended to decrease (99 ± 31 vs. 89 ± 26 cm 2 , p = 0.06), and percent changes in leg FM and thigh SAT were both negatively correlated with percent changes in V ・ O2 peak (ρ = and ρ = -0.73, p = 0.01, respectively) in the combined group. Though visceral AT (VAT) also decreased in the L-HIIT group (115 ± 45 vs 100 ± 47 cm 2 , p < 0.05) and tended to decrease in the combined group (117 ± 38 vs 107 ± 49 cm 2 , p = 0.07), abdominal SAT was unchanged in either group and there was no correlation between percent changes in abdominal SAT or VAT and percent change in V ・ O2 peak or V ・ O2 at VT.
Association of serum HMW adiponectin (Figs. 3 and 4).
As shown in Figs. 3C and D, percent changes in serum adiponectin were not associated with percent changes in V ・ O2 peak or peak work rate, or V ・ O2 at VT or work rate at VT in either group. However, percent changes in serum adiponectin were associated with percent changes in AT, especially VAT in the combined group (ρ = -0.72, p < 0.01, Fig. 4 ).
Discussion
In the present study, we observed that thigh AT, rather than abdominal AT, was preferentially lost during 16-week HIIT. We also observed that a decrease in thigh AT was associated with an aerobic fitness gain, suggesting a loss of regional body fat near the main active muscles during the training.
We did not, however, observe an increase in the serum adiponectin level due to HIIT, which was associated with changes in fat loss, especially loss of VAT, rather than aerobic fitness gains owing to HIIT.
Energy consumption during HIIT is relatively smaller than during conventional moderate-intensity, continuous training; because of its high intensity, HIIT cannot be continuously performed 1) . Nevertheless, HIIT has been reported to have a greater effect on fat loss, as well as favorable metabolic changes, than continuous training, independent of exercise volume 2, 3) . Tremblay et al. were the first to report that better preferential fat loss could be achieved with HIIT than with conventional endurance training despite less than half the energy expenditure with HIIT 3) . Coker et al. showed a significant reduction in VAT, with no significant change in body weight, in the highintensity continuous exercise group only, with no change observed in the moderate-intensity and non-exercising groups 16) . Because visceral adiposity is a sensitive marker for energy excess of the whole body 17) , high-intensity exercise may indeed modulate whole-body energy balance independent of exercise-induced energy expenditure. In the present study VAT did not change, whereas thigh adiposity significantly decreased. Goodpaster et al. 18) reported that thigh subfascial AT has similar characteristics to those of VAT, which was not separated from thigh SAT in the present study. In fact, a similar reduction in lowerbody vs. upper-body fat after a 1-year lifestyle intervention was reported by Albu et al. 19) , who observed preferential loss of AT in deeper (i.e., VAT and deep SAT in the abdomen and subfascial AT in the thigh) than in more superficial locations. Indeed, in the present study there was Table 3 . HIIT-related changes in body composition seen using DEXA and MRI. Combined HIIT, L-HIIT plus LA-HIIT groups; DEXA, dual-energy X-ray absorptiometry; HIIT, high-intensity interval training; L-HIIT, leg-ergometry group; LA-HIIT, leg-and arm-ergometry group; MRI, magnetic resonance imaging; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue. physical activity levels were changed by supervised aerobic exercise, that the HMW adiponectin level was indeed reduced by aerobic exercise training. Therefore, one can assume that fat loss associated with training counteracts or overrides the decreasing effect of exercise per se leading to no change or even an increase in adiponectin level in exercise training programs, which are long enough to influence changes in body composition.
We were not able to observe improvements in metabolic variables along with improvements in aerobic fitness of the male participants in the present study. Considering a robust improvement in aerobic fitness and wellmaintained non-training physical activity level (data not shown), a larger sample size that includes participants with metabolic abnormalities would be expected to reveal favorable metabolic changes.
The present study has several limitations. First, the study consisted of men with a relatively small range of ages. As age and sex might effect changes in aerobic fitness, physical activity, and body composition, a study of female and/or older participants is needed to confirm that the observed decreases in regional adiposity are applicable to a wider range of individuals. Second, the present study had no control group and a small sample size because of budget and facility constraints, which weakens our findings and may reflect the failure to detect differences resulting from the HIIT intervention. Moreover, assessment of arm fat is needed to observe changes in regional adiposity by HIIT using an arm ergometer in LA-HIIT.
In conclusion, regional fat loss near main active muscles was observed during a 16-week HIIT program. Changes in serum adiponectin concentration were more strongly associated with changes in visceral adiposity than with changes in aerobic fitness resulting from HIIT.
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greater loss of VAT than of SAT (9% vs. 3%). However, the association of decreased thigh SAT with increased aerobic fitness strengthens our finding that high-energy demand in the thigh during training may cause regional fat loss concomitant with muscular hypertrophy, and that the regional effect may outweigh the whole-body effect on fat loss. The reason for the discrepancy with preferential loss in truncal adiposity by HIIT 3, 4, 7) is unclear, but training frequency of twice a week in the current study may not be enough for maintaining exercise-induced appetite suppression, one of the possible factors explaining preferential fat loss in HIIT. However, this does not mitigate the importance of HIIT on obese people, since a recent meta-analysis confirmed that fitness is a main determinant of all-cause mortality, regardless of obesity status 20) . L-HIIT group had non-significant, but ~10% loss of cross-sectional area of thigh and abdominal adipose tissue, whereas LA-HIIT group had minimal change (< 3%). Since exercise volume of HIIT using leg ergometer was twice in L-HIIT, more regional fat loss in the thigh was expected in L-HIIT vs. LA-HIIT, which was not clear in the current study. It is possible that the absolute, not relative, exercise intensity was less in HIIT using an arm ergometer vs leg ergometer, and therefore, total exercise volume may have been less in LA-HIIT, resulting in the tendency of less fat loss irrespective of the part of the body.
The association of adiponectin with exercise has recently been more frequently examined [12] [13] [14] because of its action in muscle 11, 21) . Thus far, however, there has been no consensus as to the effect of exercise on serum adiponectin concentration, which has been reported to decrease 22, 23) , increase 5, 6, 24) , and remain unchanged 7, 25) with exercise.
Boyd et al. 22) reported a decreased serum adiponectin concentration after a 3-week HIIT program; the same was shown in another short-term (2 week) study of HIIT 23) . In the present study, serum HMW adiponectin was temporarily decreased after a 4-week HIIT program, suggesting that short-term HIIT may temporarily decrease the level of serum adiponectin.
Several studies have shown significant increases in serum adiponectin concentration after high-intensity training 5, 6, 24) . However, in those studies, increases in adiponectin level were almost always accompanied by loss of fat mass 5, 6, 24) . Boutcher et al. 2) found that changes in adiponectin were associated with changes in fat mass rather than with changes in fitness gains 7) , which is also consistent with the present study. In fact, it has been well known that the circulating adiponectin level is inversely associated with obesity, especially visceral fat accumulation 26) , though adiponectin is an adipokine, and predominantly synthesized and secreted by adipocytes.
Recently, Gastebois et al. 27) showed in their ancillary study, in which body weight was clamped and only the
